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Abstract 

Evenly separated crystalline Culno.8Gao.2Se2 (CIGS) nanoparticles are deposited on ITO-glass substrate by pulsed laser 
deposition. Such CIGS layers are introduced between conjugated polymer layers and ITO-glass substrates for 
enhancing light absorbance of polymer solar cells. The PSHTPCBIVI absorbance between 300 and 650 nm is 
enhanced obviously due to the introduction of CIGS nanoparticles. The current density-voltage curves of a P3HT: 
PCBM/CIGS solar cell demonstrate that the short-circuit current density is improved from 0.77 to 1.20 mA/cm^. The 
photoluminescence spectra show that the excitons in the polymer are obviously quenched, suggesting that the 
charge transfer between the PBHTiPCBM and CIGS occurred. The results reveal that the CIGS nanoparticles may 
exhibit the localized surface plasmon resonance effect just as metallic nanostructures. 
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Background 

In recent years, polymer- fullerene-based bulk heteroj unc- 
tion (BHJ) solar cells aroused the interest of researchers 
and manufacturers due to their low cost, large areas, and 
flexibility [1-3]. However, compared with crystalline silicon 
cells, the efficiency of polymer- fuUerene BHJ solar cells is 
still much lower. One of the main factors limiting their ef- 
ficiency is the low light absorption and low charge carrier 
mobility of polymer absorbers. For example, the poly(3- 
hexylthiophene) (P3HT) mixed with phenyl-C61 -butyric 
acid methyl ester (PCBM), a commonly used conjugated 
polymer absorber in polymer-fullerene BHJ solar cells, has 
quite a large bandgap of about 2.1 eV, determining that it 
can only absorb the incident light whose wavelength is 
shorter than 590 nm. Moreover, the carrier mobility of 
P3HT is only in magnitude of 10"^cm^V"^s"^, which will 
lead to severe carrier recombination in transport through 
the thick P3HT:PCBM active layer. So, the practical 
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thickness of the P3HT:PCBM active layer is commonly 
limited to be about 200 nm, and almost half of incident 
light can not be absorbed by the active layer. In order to 
resolve these problems, various inorganic materials with 
shorter bandgaps or higher carrier mobility including CdS, 
CdSe, and CuInS2 were introduced into organic solar cells 
to fabricate hybrid solar cells to enhance their light ab- 
sorption and carrier mobility [4-7]. For example, nanopar- 
ticles of CuInS2 have been embedded into conjugated 
polymer blends to fabricate hybrid solar cells [7]. Com- 
pared with these inorganic materials, CuInSe2 has a lower 
energy gap (1.02 eV), which leads to a considerably high 
absorption coefficient (about 10^ cm"^), even higher than 
that of CuInS2. If different element ratios of Ga are added 
into CuInSe2, the bandgap and energy level of the formed 
CuIn;^Gai_ ;^Se2 (CIGS) can be adjusted to match better 
with those of ITO electrodes and organic materials to 
achieve higher open voltage [8]. Furthermore, the CIGS 
has good conductivity, and its conductivity type depends 
on its stoichiometry, which can easily be varied in the syn- 
thesis processes according to the design of the solar cell. 
This is beneficial to fabricate the hybrid solar cells with 
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different structures. Therefore, the CIGS is potential for 
use as inorganic absorbers in the hybrid solar cells. 

So far, several deposition and post-treatment techniques, 
such as thermal co-evaporation, sputtering, electrodeposi- 
tion, and selenization of prefabricated metallic layers, have 
been tried to achieve the requirements for CIGS syntheses 
[9-12]. The difficulties to control the stoichiometry of the 
CIGS thin films mal<e these processes very complicated 
and much expensive. As one of the alternative techniques, 
pulsed laser deposition (PLD) is a convenient, economical, 
and effective method to deposit multi-component films 
because of its congruent ablation proceedings [13,14]. 
In this article, a YAG:Nd laser was used in PLD to de- 
posit CuIno.8Gao.2Se2 nanoparticles on ITO-glass sub- 
strates. The CIGS nanoparticles deposited at 400°C 
were introduced between the conjugated polymer layers 
and ITO electrodes in the photovoltaic structures of poly- 
mer solar cells to improve their light absorption and 
current density-voltage performance. The mechanism of 
the enhancement of the light absorption and photoelectric 
conversion of the photovoltaic structure was investigated. 

Methods 

Conventional polymer solar cells were fabricated in this 
following procedure: Cleaned ITO-glass substrates were 
spin-coated by highly conducting poly(3,4-ethylene- 
dioxythiophene)/poly(styrene sulfonic acid) (PEDOTiPSS; 
Clevios 4083, Heraeus, Hanau, Germany) at 2,000 r/m 
for 40 s. After being annealed on a hot plate at 150°C 
for 10 min in order to remove moisture, the samples 
were spin-coated by a mixed solution of P3HT:PCBM 
with concentrations of 15 and 12 mg mP^ in dichloro- 
benzene at 2,000 r/m for 40 s. Then, the samples were 
annealed on a hot plate at 150°C for 20 min to remove 
dichlorobenzene. The whole process was completed in a 
nitrogen glove box. Finally, Al thin films with a thick- 
ness of 150 nm as the cathodes were deposited onto the 
above layers by magnetron sputtering method through a 
shadow mask, resulting in active device areas of 7 mm^. 
The completed photovoltaic structure of ITO/PEDOT: 
PSS/P3HT:PCBM/A1 was annealed at 150°C for 30 min 
in the nitrogen glove box. 

The preparation process of the CIGS -based polymer 
solar cells with the structure of ITO/CIGS/P3HT:PCBM/ 
Al (shown in Figure la) was similar with that of the 
conventional polymer solar cell except that the ITO- 
glass substrates were covered by the layers of the CIGS 
nanoparticles deposited by PLD replacing the conven- 
tional PEDOT:PSS layers. The experimental setup of 
PLD consists of a Nd:YAG laser with a wavelength of 
532 nm, a pulse duration of 5 ns, a deposition chamber 
with a rotating multi-target, and a base pressure of 1 x 
10"^ Torr. The laser beam was arranged to be incident 
at 45° on a target surface through a quartz window. The 
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Figure 1 Layout of a CIGS-based hybrid solar cell and its 
schematic energy level diagram, (a) Layout of the CIGS-based 
hybrid solar cell with the structure of IT0/CIGS/P3HT:PCBM/AI. 
(b) Schematic energy level diagram for the above structure (with 
energy levels in electron voltage relative to vacuum). 



laser energy and repetition rate were 50 mj and 10 Hz, 
respectively. The CIGS nanoparticles were deposited 
using a hot-pressed CuIno.8Gao.2Se2 target at a substrate 
temperature of 400°C for 3 min. 

The surface and cross-sectional morphology of the 
CIGS layers and CIGS/P3HT:PCBM bilayer was character- 
ized by scanning electron microscopy (SEM) (XL30FEG, 
Philips, Amsterdam, Netherlands). The composition of the 
CIGS nanoparticles was analyzed by energy dispersive 
spectroscopy (EDS) fitted on the SEM. The crystallinity of 
the CIGS layers was examined by X-ray diffraction (XRD) 
(D/MAX-IIA, Rigaku, Tokyo, Japan) using the Cu Ka radi- 
ation. The UV-vis absorption spectroscopy of the P3HT: 
PCBM blend monolayer and CIGS/P3HT:PCBM bilayer 
was detected by an ultraviolet-visible spectrophotometer 
(U-3000, Hitachi, Tokyo, Japan). The current density- 
voltage (J'V) characteristics of the unencapsulated samples 
were tested in air by using a Keithley 2400 SourceMeter 
(Cleveland, Ohio, USA) under air mass (AM) 1.5 global 
solar condition at 100 mW/cm^. The photoluminescence 
(PL) of the P3HT:PCBM blend monolayer and CIGS/ 
P3HT:PCBM bilayer was measured at room temperature 
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using a 325 -nm He-Cd laser as the exciting light source. 
The PL spectra were detected by collecting the lumi- 
nescence with a spectrometer (Spectra Pro 500i, Acton 
Research, Trenton, NJ, USA) and recorded by an inten- 
sified charge-coupled device (ICCD; iStar DH720, 
Andor Technology, Belfast, UK) installed on the exit 
port of the spectrometer. 

Results and discussion 

Figure 2a,b,c shows the SEM images of the surfaces of a 
CIGS layer and a CIGS/P3HT:PCBM bilayer and the 
cross-section of the CIGS/P3HT:PCBM bilayer. As seen 
in Figure 2a, there are evenly separated nanoparticles 
with sizes of 20 to 70 nm and a distribution density of 
about 7 X 10^ cm"^ on the surface of the ITO-glass 
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Figure 2 SEM images, (a) The surface of a CIGS layer, (b) the 
surface of a CIGS/P3HT:PCBM bilayer, and (c) the cross-section of the 
CIGS/P3HT:PCBM bilayer. The CIGS layers were deposited at a 
substrate temperature of 400°C for 3 min. 



substrate. Figure 2b shows that the CIGS nanoparticles 
under the spin-coated P3HT:PCBM layer can still be 
perceived. In Figure 2c, almost no voids can be observed 
between the ITO thin film, CIGS nanoparticles, and the 
above polymer layer. The closely contacting interface be- 
tween them is vital for the separation of electron-hole 
pairs and the transportation of electrons or holes, which 
are important for the hybrid solar cells to obtain high 
performance [15]. 

In order to know the composition of the as-deposited 
nanoparticles, EDS was carried out at the places with 
and without the as-deposited nanoparticles. Figure 3b 
gives the EDS analysis result of an as-deposited nanopar- 
ticle shown in Figure 3a (marked by a white cross). The 
elements Sn, C, and O are not included in the EDS ana- 
lyses for they come from the ITO thin film and because 
they were exposed to air for a long time. In Figure 3b, 
the percentages of In, Cu, Ga, and Se are about 64.57%, 
13.47%, 5.68%, and 16.28%, respectively. Due to the In 
contribution from the ITO film, the detected In content 
is far more than the stoichiometry of the CIGS. Because 
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Figure 3 Surface SEM image, EDS spectrum, and XRD pattern 
of a CIGS layer. Tlie CIGS layer was deposited at a substrate 
temperature of 400°C for 3 min. (a) The surface SEM images of the 
CIGS layer, (b) the analysis results of the EDS spectrum of the CIGS 
nanoparticle at the position marked by a white cross in (a), and 
(c) the XRD pattern of the CIGS layer shown in (a). 
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the EDS is only a semi-quantitative analysis tool, its 
analysis results are usually of some deviation from the 
actual situation. At the places without nanoparticles, the 
elements Cu, Ga, and Se are below the detection limit of 
the EDS device. The co-existence of In, Cu, Ga, and Se 
only in the nanoparticles indicates that the as-deposited 
GIGS layer is composed of scattered GIGS nanoparticles. 
To further understand the structure of the as-deposited 
GIGS nanoparticles, XRD was also measured to examine 
the crystallinity of the GIGS layer. Figure 3c shows the 
XRD pattern of the as-deposited GIGS layer. In Figure 3c, 
the distinct (112) peak of the chalcopyrite phases of GIGS 
can be characterized [12], and the average grain size 
calculated by the Debye-Scherrer formula is 28.44 nm. 
Although the calculated grain size is some smaller than 
that shown in Figure 3a, the GIGS(112) peak should be 
induced by the GIGS nanoparticles observed by SEM 
for defects, dislocations, and twins in the grains can lead 
to smaller calculated grain size than that of the actual one. 
These crystalline GIGS nanoparticles are beneficial to in- 
crease the interface area between the GIGS and P3HT: 
PGBM blends. In the light absorption spectra (shown in 
Figure 4a), it could be found that it is these nanoparticles 
that resulted in the enhancement of the light absorption 
of the devices. 

To investigate the effects of the GIGS nanoparticles on 
the light absorption and charge separation efficiency of 
the conjugated polymer active layers, we measured the 
UV-visible-infrared absorption and PL spectra of the 
P3HT:PGBM layers with and without the GIGS interlayers 
(prepared on ITO-glass substrates). Figure 4b displays the 
absorption spectra of GIGS/ITO, P3HT:PGBM/ITO, sum 
of GIGS and P3HT:PGBM, and P3HT:PGBM/GIGS/ITO. 
Obviously, the GIGS interlayer enhances the light absorp- 
tion of the P3HT:PGBM active layer in the spectral range 
of 300 to 650 nm. More importantly, the absorption inten- 
sity of P3HT:PGBM/GIGS/ITO is much larger than that 
of the sum of GIGS/ITO and P3HT:PGBM/ITO. It should 
be noted that the thickness of the P3HT:PGBM monolayer 
is approximately equal to that of the GIGS/P3HT:PGBM 
bilayer (about 100 nm) according to the cross-sectional 
SEM image (see Figure 2c), i.e., the enhancement of 
light absorption is not due to the thickness change of 
the P3HT:PGBM layer. Moreover, the GIGS interlayer 
absorbs only very little incident light. Therefore, most 
of the increased absorption should come from the P3HT: 
PGBM close to the interfaces between the P3HT:PGBM 
and GIGS nanoparticles. The mechanism may be similar 
to the localized surface plasmon resonant (LSPR) effect 
[16-20]. It has been known that the excitation of the LSPR 
through the resonant interaction between the electromag- 
netic field of incident light and the surface charge of me- 
tallic nanostructures causes an electric field enhancement 
(that can be coupled to the photoactive absorption region) 
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Figure 4 Schematic of LSPR light trapping, UV-vis absorption 
spectra, and PL spectra, (a) Schematic of LSPR light trapping for a 
hybrid system of IT0/CIGS/P3HT:PCBM in which the CIGS 
nanoparticles are embedded between the ITO substrate and P3HT: 
PCBM photoactive layer, (b) The UV-vis absorption spectra of ITO/ 
CIGS, IT0/P3HT:PCBM, and IT0/CIGS/P3HT:PCBM. (c) The PL spectra 
of IT0/P3HT:PCBM and IT0/CIGS/P3HT:PCBM. 



and increases the absorption of photoactive conjugate 
polymer or organic semiconductor [21-23]. The above 
results demonstrate that the semiconductor CIGS nano- 
particles may also exhibit LSPR effect just as metallic 
nanostructures do. As demonstrated in Figure 4a, the 
incident light is trapped by the excitation of localized 
surface plasmons on the surface of CIGS nanoparticles 
embedded in P3HT, and the near field of the excited 
particles causes the creation of the electron-hole pairs 
in the P3HT. This is very important for the conjugated 
polymer layers of hybrid solar cells to absorb more inci- 
dent light (through ITO-glass). If the introduced CIGS 
interlayer with a narrower bandgap is a continuous thin 
film rather than scattered nanoparticles, it may absorb 
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too much incident light and decrease rather than in- 
crease the Hght absorption of the photoactive polymer 
layer behind it. Therefore, the light absorption enhance- 
ment induced by the CIGS nanoparticles could permit a 
considerable reduction in the physical thickness of the 
conjugated polymer layers in hybrid solar cells and yield 
some new options for hybrid solar cell design. The PL 
results in Figure 4c show that the excitons in the poly- 
mer are obviously quenched. It has been known that the 
charge transfer normally occurs with a very high effi- 
ciency if excitons are formed in a conducting polymer 
within approximately 20 nm of a CIGS/P3HT:PCBM 
interface [23,24]. The above phenomenon suggests that 
polymer chains were successfully penetrated into the 
pores of the CIGS nanoparticles, and hole transfer from 
the polymer to CIGS occurred. The quenching effi- 
ciency of a hybrid system can be estimated by calculat- 
ing the integrated area beneath each curve [25]. The 
quenching efficiency of P3HT/CIGS in this experiment 
was calculated to be about 46%. 

In order to know the effects of the light absorbance 
enhancement of the conjugated polymer layer induced 
by the CIGS nanoparticles on the performance of poly- 
mer solar cells, the conventional polymer solar cells 
(ITO/PEDOT:PSS/P3HT:PCBM/Al) and the hybrid solar 
cells (ITO/CIGS/P3HT:PCBM/Al) were fabricated, and 
their /-F character is tics were tested. The /-F characteristics 
of a conventional polymer solar cell and a hybrid solar cell 
with a CIGS interlayer (as shown in Figure 1) are plotted 
together in Figure 5 for comparison. The conventional de- 
vice exhibits a short-current density (Jsc) of 0.77 mA/cm^. 
After introducing a CIGS interlayer deposited by PLD 
for 3 min (as shown in Figure 2a), the Jsc increased to 
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Figure 5 J-V characteristics. Comparisons of the J-V characteristics 
between the conventional polymer solar cells and hybrid solar cells 
containing a CIGS interlayer. The photovoltaic properties of the 
above solar cells were measured under AM 1.5G irradiation at 
100 mW/cm^. 



1.20 mA/cm^. Since the conventional polymer solar 
cells and the hybrid solar cells with CIGS interlayers 
were prepared on almost the same process conditions, 
these results indicate that the CIGS layers can act as 
functional interlayers to increase the photocurrents of 
polymer solar cells. It is hypothesized that the CIGS 
nanoparticles help the hybrid solar cells produce higher 
photocurrent by enhancing the light absorption of the 
conjugated polymer layers. As demonstrated in Figure lb, 
the CIGS interlayer (nanoparticles here) with high absorp- 
tion coefficient (about 10^ cm"^) itself also absorbs small 
part of incident light, and the excitons generated in both 
the P3HT and CIGS nanoparticles separate at the inter- 
faces of both CIGS/PCBM and P3HT/PCBM more effi- 
ciently than at the interface of the P3HT/PCBM only in 
conventional polymer cells. These separated electrons and 
holes pass through the CIGS layer and polymer layer, 
respectively. If the CIGS and polymer layers are thin 
enough, the separated electrons and holes will arrive at 
the Al cathode and ITO anode with less recombination 
and larger short-circuit current density. 

Conclusions 

The CIGS nanoparticles with sizes of 20 to 70 nm and a 
distribution density of about 7 x 10^ cm~^ were deposited 
on the ITO-glass substrates by PLD. Such CIGS layers 
were introduced between P3HT:PCBM photoactive layer 
and ITO-glass substrates to enhance the light absorption 
of the P3HT:PCBM layer. The UV- visible-infrared absorp- 
tion and PL spectroscopy measurements of the P3HT: 
PCBM photoactive layers with and without the CIGS in- 
terlayers suggest that the polymer chains are coiled on the 
CIGS nanoparticles, which enhance the light absorption 
and improve the efficiency of the exciton separation. The 
J'V curves demonstrate that the short-circuit current 
density of the hybrid solar cells was improved compared 
with that of the conventional polymer solar cells. These 
results indicate that the CIGS interlayers composed of 
nanoparticles are potential to enhance the light absorption 
of conjugated polymers and improve the photovoltaic 
performance of polymer solar cells. 
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